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Introduction
============

Metal oxide nanoparticles are exploited for drug delivery[@B0], construction artificial bones[@B1], heterogeneous catalysis[@B2], field emission[@B3][@B4], solar cells[@B5], gas sensors[@B6], and lithium batteries[@B7]. For practical applications, the mechanical strength of both nanocrystals and their microstructure are crucial. Among the microstructures, hollow shell structures can be used to create lightweight, mechanically robust materials[@B8]. Among hollow shell structures, a spherical shape is known to be more rigid than an ellipsoidal shape; the latter has a larger length-to-diameter ratio than the former[@B9][@B10]. This work describes a protocol for synthesizing spherical microcapsules via bacteria with a non-toxic method under an ambient condition, which contrasts with the alternative methods, including the template synthesis method[@B11], ultrasonic-spray-assisted synthesis method[@B12] and hydrothermal method[@B13]. Some of the alternative methods require templates[@B11], some a temperature as high as 500 °C[@B12], and some a high pressure[@B13]. As for the resulting structure, the template synthesis method utilizing the yeast template brings about a core-shell structure[@B14], instead of one with a single wall, and the one utilizing the E. coli template produces a structure with length-to-diameter ratio of 1.7:0.8, and is not spherical.[@B15].

In this work, we have made metal oxide microcapsules with a single wall and of spherical shape under an ambient condition by exploiting bacterial metabolism. In bacterial glycolysis, a chemical process that metabolizes carbon sources, like glucose and lactose, carbon sources are considered to be the origin of the reducing power generated therein. We manipulated bacterial metabolism by adjusting the concentration of carbon sources to achieve desired ends. This method is environment-friendly, using non-toxic agents and consuming much less electricity power. Lastly, this method allows the mass production of microcapsules simply by increasing the volume of broth.

Prior to the method, there have been another two methods utilizing bacterial metabolism to make minerals: biologically induced mineralization (BIM)[@B16] and biologically controlled mineralization (BCM)[@B17]. Neither BIM nor BCM can be used for making sodium tungstate and molybdate tungstate microcapsules like our process, which is designated as the bacterial mineral excretion (BME)[@B18]. In this experiment, the shape of microcapsules can be controlled to have a length-to-diameter ratio from 10:1 to 1:1, and the size of nanoparticle grains that form the shells can be adjusted ranging from 15 nm to 110 nm.

Protocol
========

Caution: Use latex gloves, protective eyeglasses, and a laboratory coat for performing the experiment. Whenever using the biosafety cabinet, turn on the cabinet fan and keep the cabinet door half-closed.

1. Preparation of Glass Beads
-----------------------------

1.  Place 100 glass beads of 3 mm diameter in a 100-mL laboratory bottle, and then cap it tightly.

2.  Autoclave the contents at 120 °C for 10 min.

3.  Leave the bottle to cool down to room temperature, then place it in the biosafety cabinet.

2. Preparation of Lysogeny Broth (LB)
-------------------------------------

1.  Dissolve 8 g powder of LB-Lennox broth in a 500-mL laboratory bottle with 400 mL of water.

2.  Stir the contents with a PTFE magnetic stirring bar for 20 min, and then cap it tightly.

3.  Autoclave the contents at 120 °C for 10 min.

4.  Leave the solution to cool down to room temperature and place it in the biosafety cabinet.

5.  Using a pipette, aliquot the broth into eight 15-mL centrifuge tubes in the biosafety cabinet (12.5 mL each).

6.  Aliquot the remaining broth into three 100-mL laboratory bottles in the biosafety cabinet (100 mL each). Cap the three bottles tightly. Keep them in the biosafety cabinet.

3. Culture of *Shewanella algae*
--------------------------------

1.  Use the deep-frozen cryopreserved strain.

2.  In the biosafety cabinet, pick out 1 mL of the frozen material from the frozen tube with a stainless-steel spatula, and place it into a centrifuge tube prepared in step 3.5.

3.  Incubate the cultures for 24 h in a 37 °C incubator.

4. Preparation of LB-Lennox (Broth with Agar) Petri Dishes
----------------------------------------------------------

1.  Dissolve two tablets of LB-Lennox (broth with agar) into a 100-mL laboratory bottle with 100 mL of water.

2.  Stir the contents with a PTFE magnetic stirring bar for 20 min and then cap it tightly.

3.  Autoclave the contents at 120 °C for 10 min.

4.  In the biosafety cabinet, aliquot by hand 100 mL of solution into 4 Petri dishes, ensuring each receive \~25 mL. Leave the solution to cool down to room temperature.

5. Preparation of Monoclonal Bacteria
-------------------------------------

1.  In the biosafety cabinet, label the three bottles prepared in step 2.6, \#1, \#2 and \#3, respectively.

2.  Pipette 0.1 mL of the resultant bacterial suspension in step 3.3 into bottle \#1. Cap the bottle and swing it by hand for 1 min to get a homogenous solution.

3.  Pipette 0.1 mL of the resultant bacterial liquid in step 5.2 into bottle \#2. Cap the bottle and swing it by hand for 1 min to get a homogenous solution.

4.  Pipette 0.1 mL of the resultant bacterial liquid in step 5.3 into bottle \#3. Cap the bottle and shake it by hand for 1 min to get a homogenous solution.

5.  Pipette the liquid in bottle \#3 into the 4 Petri dishes prepared in step 4.4, using a volume of 0.02 mL each.

6.  Put the glass beads prepared in step 1.3 into the 4 Petri dishes used, 4 beads in each dish.

7.  Close the lids of the Petri dishes and shake them by hand for 1 min.

8.  Turn the Petri dishes upside down and incubate in a 37 °C incubator for 24 h.

6. Multiplication of Monoclonal Bacteria
----------------------------------------

1.  Fetch 7 tubes prepared in step 2.5.

2.  Pick out the resultant monoclonal bacteria from the 4 Petri dishes prepared in step 5.8 with a stainless steel-spatula, and put them into 7 tubes separately.

3.  Leave the 7 tubes in a 37 °C incubator for 24 h.

4.  Pick out the one with the largest light scattering using the visual colorimetric method.

7. Preparation of LB-Lennox Broth with Glucose and Salt
-------------------------------------------------------

1.  Put 10 g of LB-Lennox broth, 10 g of NaCl, and 10 g of glucose into a 500-mL laboratory bottle. Add water until the volume reaches 450 mL.

2.  Stir the contents with a PTFE magnetic stirring bar for 20 min.

3.  Autoclave the contents at 120 °C for 10 min.

8. Preparation of Sodium Tungstate
----------------------------------

1.  Put 16.5 g of Sodium Tungstate Na~2~WO~4~．2H~2~O into a 100-mL laboratory bottle with a stainless-steel spatula. Add water until the volume reaches 50 mL.

2.  Stir the contents with a PTFE magnetic stirring bar for 20 min.

3.  Autoclave the contents at 120 °C for 10 min.

4.  In the biosafety cabinet, get filtrate via a vacuum fiberglass filter with pores of 1 µm.

9. Preparation of LB with Glucose, Salt, and Sodium Tungstate
-------------------------------------------------------------

1.  In the biosafety cabinet, pour the filtrate gained in step 8.4 by hand into the solution with glucose and salt prepared in step 7.3.

2.  In the biosafety cabinet, aliquot with a pipette the 500 mL resultant solution in step 9.1 into 10 x 50 mL centrifuge tubes.

10. Culture of Bacteria
-----------------------

1.  In the biosafety cabinet, fetch the liquid prepared in step 6.4 and aliquot it with a pipette into the 10 test tubes prepared in step 9.2, with each tube receiving 0.05 mL.

2.  Incubate the 10 tubes in a 37 °C incubator for 120 h.

11. Harvest of BME minerals
---------------------------

1.  Ultrasonicate each of the 10 tubes in step 9.2 at 20 KHz with 150 W for 1 h.

2.  Centrifuge the tubes at 2,025 x g for 1 h.

3.  Remove the clear liquid in the tubes with a pipette, add water, and then repeat steps 11.1 and 11.2 one more time.

4.  Remove the clear liquid in the tubes with a pipette, add alcohol, and then ultrasonicate them at 20 KHz with 150 W for 1 h.

5.  Centrifuge the tubes at 2,025 x g for 1 h.

6.  Repeat steps 11.4 and 11.5 one more time

7.  Harvest BME minerals by removing the clear liquid in the tubes with a pipette; afterwards, immediately cap the tubes without running any drying process.

12. Oscillating Temperature with *Pandoraea sp.* and Molybdate
--------------------------------------------------------------

1.  Culture *Pandoraea sp.* in the same way as in steps 2, 3, 4, 5, and 6 for*Shewanella algae*. The result of this step corresponds to that of step 6.4.

2.  Make LB broth with both glucose and salt in the same way as in steps 7, 8, and 9, except that the 16.5 g of sodium tungstate in step 7.1 is replaced with 12 g of sodium molybdate, Na~2~MoO~4~ · 2H~2~O. The result of this step corresponds to that of step 9.2.

3.  In the biosafety cabinet, fetch the liquid prepared in step 12.1, and aliquot it with a pipette into the 10 tubes prepared in step 12.2, with each tube receiving 0.05 mL.

4.  Incubate the 10 tubes in step 12.3 under oscillating temperatures for 120 h in a reciprocal shaking bath, oscillating the temperature 5 times between 25 °C and 37 °C, with each temperature lasting for 12 h.

Representative Results
======================

[Figure 1](#F1){ref-type="fig"} shows genuine spherical microcapsules. Both the two strains of bacterium, *Shewanella algae* and *Pandoraea sp*., originally have a length-to-diameter ratio of 3:1. For achieving the length-to-diameter ratio of 1:1, a high concentration (\>100 mM) of metal oxyanions is required. A low concentration (\<5 mM) of oxyanions can result in a length to diameter ratio of 10:1, as that in [Figure 2](#F2){ref-type="fig"}, which may result from the influx of the oxyanions, blocking the binary fission of bacteria. Lastly, for achieving a length-to-diameter ratio of 3:1, like that in [Figure 3](#F3){ref-type="fig"}, a medium concentration (\~20 mM) of oxyanions is needed. The formation of spherical shells, with a length-to-diameter ratio of 1:1, may be brought about by bacterial drives that make themselves shrink their surface area to balance the intake of oxyanions while diffusing oxyanions through the cell membrane. The three figures together indicate the length-to-diameter ratio may be tuned to from 10:1 to 1:1 simply by adjusting the concentration of oxyanions.

[Figure 4](#F4){ref-type="fig"} and [Figure 5](#F5){ref-type="fig"} show the nanoparticle grains of sodium molybdate in different sizes: the smaller one being 15 nm, and the larger one 110 nm. Note that in [Figure 5](#F5){ref-type="fig"}, on the non-shattered shells, particles of 110 nm can still be chained up to each other, forming porous shells. The larger one was gained through oscillating the temperature of the culturing broth 5 times between 25 °C and 37 °C, with each temperature lasting for 12 h. During the temperature oscillation, grains of different sizes can not only be produced but also maintain the micro-spherical structure, which means we can make microcapsules with different grain sizes, from 15 nm to 110 nm, just by controlling the broth temperature.

[Figure 6](#F6){ref-type="fig"} shows the broken wall with larger grains staying next to the opening of the wall. The wall thickness is about 22 nm and the larger grain is about 40-60 nm. The difference in size may result from different metabolic processes, which are not yet identified.

**Figure 1: The SEM image of hollow spherical shells with a length-to-diameter ratio of 1:1.** This structure was made of sodium tungstate excreted by*Shewanella algae* with glucose as the carbon source. Reprinted with permission from ECS J. of Solid State Sci. and Tech., 6(3), N3113 (2017). Copyright 2017, The Electrochemical Society. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/57022/57022fig1large.jpg)

**Figure 2: The SEM image of hollow long filament shells with a length-to-diameter ratio of 10:1.** This structure was made of sodium molybdate excreted by *Pandoraea sp.* with glucose as the carbon source. Reprinted with permission from ECS J. of Solid State Sci. and Tech., 6(3), N3113 (2017). Copyright 2017, The Electrochemical Society. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/57022/57022fig2large.jpg)

**Figure 3: The SEM image of broken hollow rod-shaped shells with a length-to-diameter ratio of 3:1.** This structure was made of sodium tungstate excreted by *Shewanella algae* with glucose as the carbon source. Reprinted with permission from ECS J. of Solid State Sci. and Tech., 6(3), N3113 (2017). Copyright 2017, The Electrochemical Society. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/57022/57022fig3large.jpg)

**Figure 4: The SEM image of shattered sodium molybdate shells with a grain particle size of 15 nm.** [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/57022/57022fig4large.jpg)

**Figure 5: The SEM image of shattered and non-shattered sodium molybdate shells with a grain particle size of 110 nm.** [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/57022/57022fig5large.jpg)

**Figure 6: The SEM image of broken hollow shells with a length-to-diameter ratio of 1:1.** This structure was made of sodium tungstate excreted by*Shewanella algae* with glucose as the carbon source. Granules with a size about 40-60 nm hang outside the shell right next to a big hole, while the shell itself is made of granules with a size about 22 nm. Reprinted with permission from ECS J. of Solid State Sci. and Tech., 6(3), N3113 (2017). Copyright 2017, The Electrochemical Society. [Please click here to view a larger version of this figure.](https://cloudflare.jove.com/files/ftp_upload/57022/57022fig6large.jpg)

Discussion
==========

Concerning the self-consistency of the experimental results, the preparation and multiplication of monoclonal bacteria are critical. This experiment, different from the template synthesis experiments[@B14][@B15], employed bioactive gram-negative bacteria. To get a single wall, we chose prokaryotic bacteria instead of eukaryotic bacteria like yeast[@B14]. To achieve a spherical shape with a length-to-diameter ratio of 1:1, instead of a larger length-to-diameter ratio[@B15], we fed bacteria with a much higher concentration of oxyanions to manipulate them to shrink into a spherical shape, making microcapsules with a single, round, and thin wall (\<30 nm).

Since the BME mainly relies on adjusting the concentration of oxyanions to control the metabolism of bacteria, it features two limitations. Firstly, the concentration of oxyanions is limited by the solubility, though the concentration should be as high as possible. Second, most bacterial metabolisms will stop at a temperature over 45 °C or under 5 °C, respectively the upper and lower bounds of our experiment.

Despite these two limitations, the BME has great potential for making metal oxide materials of practical interest. To substantiate this claim, we are going to try this method to make zirconium microcapsules and iron microcapsules---the former being a good candidate material for artificial bones, and the latter for drug delivery.
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